Elicitors are molecules which can induce the activation of plant defence responses. Elicitor activity of intercellular wash fluid from Russian wheat aphid, Diuraphis noxia (Mordvilko) infested resistant (cv Tugela DN), and susceptible (cv Tugela), wheat (Triticum aestivum L.), was investigated. Known Russian wheat aphid resistance related responses such as peroxidase and -1,3-glucanase activities were used as parameters of elicitor activity. The intercellular wash fluid from infested resistant plants contains high elicitor activity while that from infested susceptible plants contains no or very little elicitor activity. After applying C-18 reverse phase and concanavalin A Sepharose chromatography, elicitor active glycoproteins were isolated from the intercellular wash fluid of Russian wheat aphid infested resistant wheat. The elicitor-active glycoproteins separated into three polypeptides during sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The isolated glycoproteins elicited peroxidase activity to higher levels in resistant than in susceptible cultivars. It was evident that the glycoproteins were probably a general elicitor of plant origin. Information gained from these studies is valuable for the development of plant activators to enhance the defence responses of plants.
Introduction
The term 'elicitor' has been used to describe molecules that are able to induce physiological or biochemical responses associated with the expression of resistance (Kogel et al., 1988) . Many elicitors are extracellular microbial products, or breakdown products from entities in the microbial or plant cell wall. Fungal cell wall elicitors include -1,3-glucans (Sharp et al., 1984) , chitosan (Friestensky et al., 1984) and the unsaturated lipids, arachidonic and eicosapentanoic acids. A number of metabolites of microbial origin also act as elicitors, including polysaccharides (Sharp et al., 1984) , galactose and mannose-rich glycoproteins (Darvil and Albersheim, 1984; Dixon, 1986) , fatty acids (Bostock et al., 1981) and hydrolytic enzymes (Collmer and Keen, 1986) . The numerous biotic elicitors have been found not only in germination fluid, culture filtrates, and cell walls or membranes of phytopathogenic fungi, but also in apoplastic spaces of plants (Darvill and Albersheim, 1984) .
Elicitor activity has also been correlated with pectic fragments that arise from partial degradation of the plant cell wall. Degradation products 0939Ð5075/2002/0900Ð0867 $ 06.00 " 2002 Verlag der Zeitschrift für Naturforschung, Tübingen · www.znaturforsch.com · D of hydrolases and lyases are active, with maximum activity associated with oligomers of 7Ð15 units (Collmer and Keen, 1986) . Many invading pathogens secrete a large arsenal of hydrolytic enzymes that digest the plant cell wall, allowing the pathogen to have access to nutrients (Salmond, 1994) . Such enzymes can release plant cell wall-derived elicitors that activate defence responses Hahn et al., 1981) .
Russian wheat aphid (RWA) infestation has been reported to induce the hypersensitive response (HR) in barley (Belefant-Miller et al., 1994) . Collapsed autofluorescent cells of the mesophyll and bundle sheath tissues in response to RWA infestation, is visually similar to the HR of barley to incompatible fungi (Belefant-Miller et al., 1994) . As part of the resistance mechanism, the induction of defence related enzymes such as pathogenesis related (PR) chitinases and -1,3-glucanases, as well as peroxidases has been reported ( Van der Westhuizen et al., 1998a , 1998b . The initial events that occur at the plant-aphid interface and trigger the defence responses have not yet been thoroughly studied. In an attempt to elucidate the signalling events in wheat plants in-fested with the RWA, we isolated the elicitors from the apoplastic fluid of infested wheat plants. We further determined their eliciting activity in the susceptible and resistant wheat cultivars by measuring the induced activities of known defence related enzymes.
Materials and Methods
Resistant wheat plants (Triticum aestivum L., cv Tugela DN) containing the Dn-1 gene, PI 137739, (Du Toit, 1989) for resistance to the RWA, Diuraphis noxia (Mordvilko), and susceptible plants, cv Tugela, were cultivated in trays, each containing 240 plants (120 susceptible and 120 resistant) under greenhouse conditions at temperatures of 22 ð 4 ∞C. Diuraphis noxia (Mordvilko) is indigenous to Southern Russia, countries bordering the Mediterranean Sea, Iran and Afghanistan (Hewitt et al., 1984) . At the beginning of the third-leaf growth stage the plants were infested with the RWA, according to Du Toit's method (Du Toit, 1989) . Aphids (approx. 10 aphids per plant) were scattered onto the leaves and multiplied as the plant developed, infesting emerging younger leaves.
Collection and application of intercellular wash fluid (IWF)
After 120 h of infestation, fresh leaves (75 g) of infested resistant and susceptible plants were harvested. The leaves were cut into 7-cm pieces, and the cut ends rinsed in distilled water. The leaves were vacuum infiltrated in double distilled water (100 ml) for 5 min and IWF was collected by centrifugation (1000 ¥ g, 10 min, 4 ∞C). The extraction was performed two times and the intercellular wash fluids combined. The experiment was repeated four times.
IWF from RWA infested susceptible and resistant plants was intercellularly injected into the second leaves of susceptible and resistant plants at the beginning of the third-leaf growth stage according to a slightly modified method of Hagborg (1970) . The leaf was clamped between two rubber stoppers of the tongueseizing forceps and IWF (200 µl) was injected into the leaf using a hypodermic syringe. Control plants were intercellularly injected with double distilled water.
Enzyme activity of intercellular wash fluid

Peroxidase activity
Total peroxidase activity of injected leaves was determined. Leaf tissue (0.5 g) was ground in liquid nitrogen and extracted with 2 ml 100 mm sodium acetate buffer, pH 5.5, containing 10 mm mercaptoethanol, 2 mm ethylenediamine tetraacetic acid (EDTA) and 2 mm phenylmethylsulfonyl fluoride (PMSF). The extract was centrifuged (12,000 ¥ g, 20 min, 4 ∞C) and the supernatant used as the crude enzyme. The assay mixture consisted of 500 µl 80 mm potassium phosphate buffer (pH 5.5) containing 2 mm EDTA, 340 µl distilled water, 100 µl 5 mm guaiacol, 50 µl 8.2 mm H 2 O 2 and 10 µl enzyme extract. The change in absorbance at 470 nm was monitored spectrophotometrically for 3 min at 30 ∞C against a blank that lacked the enzyme. The activity was expressed as µmol tetraguaiacol mg ) and 50 mm sodium acetate buffer (pH 4.5). After incubation (37 ∞C, 10 min), 0.5 ml Somogyi reagent (Somogyi, 1952) was added and the mixture heated at 100 ∞C for 10 min. The mixture was cooled and 0.5 ml of arsenomolybdate reagent of Nelson (1944) added. The absorbance of the colored product was measured at 540 nm. A standard curve relating A 540 to glucose concentration was used to calculate enzyme activity, which was expressed as µmol glucose mg Ð1 protein min
Ð1
.
Isolation of elicitors
IWF (50 ml) was freeze-dried and redissolved in 5 ml 70% (v/v) methanol. An aliquot of this mixture was fractionated using reverse phase (RP) chromatography on pre-equilibrated (70% (v/v) methanol) C-18 Sep Pak cartridges (Waters Corporation, Milford, Massachusetts, USA). The column was eluted with 10 ml 70% (v/v) methanol and all the eluent was collected as 1 ml fractions. Each fraction was dried in vacuo at ambient temperature and redissolved in 2 ml double distilled water. Each of these fractions was intercellularly injected into the second leaves of plants at the beginning of the third-leaf growth stage. Leaves from sixty plants (30 susceptible and 30 resistant) were injected and after 48 h of treatment harvested from ten randomly selected plants for determination of total peroxidase activity.
Isolation of glycoproteins
Glycoproteins were isolated from the peroxidase-inducing fraction recovered from RP chromatography. We modified and carried out the procedure outlined by Kogel et al., (1992) . One milliliter of the fraction was passed through a concanavalin A (con A) Sepharose column (Pharmacia) equilibrated with 20 mm Tris(hydroxymethyl)-aminomethane-HCl, pH 7.4, containing 0.5 M NaCl, 1.0 mm MgCl 2 , 1.0 mm MnCl 2 and 1.0 mm CaCl 2 . The column was firstly eluted with 40 ml of 0.1 M methyl α-d-glucopyranoside (Sigma) and subsequently with 40 ml of 0.5 M methyl α-d-mannopyranoside (Sigma). The eluent was collected and the volume reduced to 7.5 ml using a rotavapor and then desalted on PD 10 columns (Pharmacia). The isolated glycoproteins were injected intercellularly into second leaves of sixty plants (30 susceptible and 30 resistant) at the beginning of the third-leaf growth stage. The second and third uninjected leaves were collected separately from ten randomly selected plants 48 h after injection for determination of total peroxidase activity.
Characterization of glycoproteins
A spot-dot assay for glycoproteins was carried out according to Hawkes (1982) and Hawkes et al. (1982) . A sample of glycoproteins containing 1.5 µg of proteins was applied onto a nitrocellulose membrane. The membrane was incubated for 15 min in blocking solution containing 3% (w/v) milk (fat free) powder and 20 mm NaCl in 50 mm Tris buffer, pH 7.4 (TBS). The blocking solution was replaced with freshly prepared Con A (50 µg ml Ð1 , Pharmacia) in blocking solution and the membrane incubated for 30 min. The membrane was washed in three changes of Tris-buffered saline. Horseradish peroxidase (50 µg ml
Ð1
, Boehringer-Mannheim) in blocking solution was added and the membrane incubated for another 30 min. The membrane was again washed in three changes of Tris-buffered saline and stained with freshly prepared solution of 0.06% (w/v) 4-chloro-1-naphthol and 0.01% (v/v) hydrogen peroxide in TBS and washed in distilled water then air-dried.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was carried out according to Laemmli (1970) . A 12% separating gel and a 6% stacking gel were used. The gel was stained using Coomassie staining procedure according to Zehr et al. (1989) .
Protein concentration
The protein concentration was determined according to the method of Bradford (1976) using γ-globulin as a standard.
Results
Enzyme activity of intercellular wash fluid
The IWF of infested resistant plants differentially induced peroxidase activity to higher levels in the resistant than in susceptible plants. Peroxidase activity was induced 7.2-fold over the control in the resistant plants and the level was 7.5-fold higher than in susceptible plants (Fig. 1A) . The IWF of infested susceptible plants slightly induced peroxidase activity to levels higher than that of the control in both susceptible and resistant plants. The level of induction however was very low.
The IWF of infested resistant plants induced a 1.5-fold increase in -1,3-glucanase activity in the susceptible plants and a 1.7-fold increase in the resistant plants as compared to the controls (Fig. 1B) . The IWF of infested susceptible plants induced no significant increase in -1,3-glucanase activity in susceptible plants and a 1.2-fold increase over the control in the resistant plants.
Isolation and characterization of elicitors from intercellular wash fluid
The first fraction to elute during C-18 RP chromatography selectively induced the highest peroxidase activity in the resistant plants. A 9-fold increase in peroxidase activity was observed 48 h after treatment (Fig. 2) .
The C-18 RP fraction which induced peroxidase activity, showed a positive reaction for the pres- . The glycoproteins were isolated using a Con A Sepharose column. The isolated fraction tested positive for glycoproteins (results not shown). The isolated glycoproteins differentially induced peroxidase activity to higher levels in the resistant than in susceptible plants (Fig. 3A) . In the resistant plants the degree of induction was 22-fold whereas in the susceptible ones it was 11-fold. This glycoproteincontaining fraction also systemically induced peroxidase activity to higher levels in the resistant than in susceptible plants. The degree of induction was 1.4-fold. In the susceptible plants there was no induction in peroxidase activity (Fig. 3B) . After protein concentration determination, the glycoprotein-containing fraction was separated by SDS-PAGE and three polypeptides with molecu- lar masses of 41 kDa, 37 kDa and 17 kDa were observed (results not shown).
Discussion
Russian wheat aphids are phloem feeders using their stylets to probe intercellularly before the phloem is penetrated (Fouché et al., 1984) . The local events in the immediate zone of stylet entry may trigger systemic responses. Many signals orig-inate in the apoplast to elicit defence responses locally and systemically (Ouchi and Oku, 1981) . Furthermore, it is the site where many defence related products accumulate (Bowles, 1990) . During feeding, the aphids excrete a salivary phytotoxin, which was identified as a polypeptide in a preliminary study by Brigham (1992) . In addition, it is suggested that the aphids may digest the cell walls as they probe the intercellular spaces (Collmer and Keen, 1986) , and the cell wall fragments may act as elicitors. These products accumulate in the intercellular spaces and consequently we expected potential elicitors to occur in the intercellular wash fluids of RWA infested wheat plants.
Peroxidases and -1,3-glucanases are involved in several defence-related responses that occur in the extracellular matrix in plants (Bowles, 1990) . Van der Westhuizen et al. (1998a , 1998b ) related enhanced peroxidase and -1,3-glucanase activities to the resistance response in wheat to the RWA. Mainly peroxidase activity was therefore used in this study as a measure of eliciting capacity.
The IWF of infested resistant plants differentially induced peroxidase and -1,3-glucanase activities to higher levels in the resistant than susceptible plants (Figs. 1A and B) . The IWF of infested susceptible plants had very little of this inducing capacity, suggesting the absence of, or difference in specificity of the potential elicitor. This might also be an indication that the potential elicitor is of plant origin. These results implicate the presence of an elicitor in at least the IWF of infested resistant wheat which induced a resistance response similar to RWA infestation (Van der Westhuizen et al., 1998a Westhuizen et al., , 1998b .
The fact that the magnitude of the elicitorinduced responses was considerably lower in the susceptible than resistant plants (Figs. 1A and B) may be ascribed to poor recognition of the elicitor and/or the presence of suppressors. Signal perception seems to rely on the presence of specific receptors in the plant cell, being localized either on the cell surface (Ebel and Scheel, 1997) or within the cell wall (Zehr et al., 1989 , Van den Ackerveken et al., 1996 , which initiate signalling processes that activate plant defences. High-affinity receptor-like binding proteins which bind a glucan elicitor from P. megasperma have been found in plasma membrane-enriched fractions from soybean roots (Schmidt and Ebel, 1987) . Different chromatographic techniques were used to isolate the potential elicitor. An elicitor active fraction eluted early from the C-18 RP column, illustrating its polar nature (Fig. 2) . It additionally contains lectin (Con A)-binding compounds, supposingly glycoproteins. The glycoproteins, isolated from the elicitor active C-18 RP fraction by Con A-binding chromatography, contained elicitor activity (Figs. 3A and B) , confirming the glycoprotein nature of the elicitor. SDS-PAGE of this glycoprotein revealed three bands (results not shown). The glycoprotein elicitor, like RWA infestation (Van der Westhuizen et al., 1998b) , induced peroxidase activity systemically (Fig. 3B) . Systemic responses have been implicated in plant-wound, plant-pathogen and plantnematode interactions (Bowles, 1990) .
The Con A-bound glycoproteins were eluted with methyl α-d-mannopyranoside and methyl α-d-glucopyranoside suggesting that the elicitor may have either mannose or glucose residues as its carbohydrate moiety.
The role of lectin-binding glycoproteins as inducers of non-host resistance in cereals has previously been reported in wheat by Kogel et al. (1988) . The glycoprotein elicitor from germ tube walls of Puccinia graminis f. sp. tritici induced a non-specific induction of defence responses. Kogel et al. (1991) reported the presence of specific binding sites for a glycoprotein elicitor in wheat membranes, of which the majority are located in the plasma membrane. Race-cultivar specificity of elicitor binding was not observed since the glycoprotein elicitor bound equally well to plasma membranes from the near-isogenic Prelude wheat lines which differ at the Sr 5 locus.
The lectin-binding glycoproteins may not be the only elicitors in the IWF of the RWA infested wheat plants, even though the presence of other elicitors was not investigated. Cell wall glucans and mannose-containing polysaccharides, arising from Colletotrichum lindemuthianum have been reported as elicitors in bean cells (Tepper and Anderson, 1986 ). The fatty acids, arachidonic and eicosapentaenoic acids, originating from Phytophthora infestans, elicited the accumulation of phytoalexins in potato tubers (Bloch et al., 1984) . Interactions may occur among different elicitors to modify the elicitor potential. Fungal cell wall elicitors and pectic fragments of plant origin act synergistically in legumes (Davis et al., 1986) as well as the glucan elicitor and the agrichemical probenazole in rice (Dixon and Lamb, 1990) .
